The effect of the ribonucleic acid (RNA) control (RC) gene on the biosynthesis of viral RNA has been examined in an RCstr and an RCre' host infected with R17 RNA bacteriophage under conditions in which host RNA and protein synthesis were inhibited by the addition of rifampicin. Methionine and isoleucine starvation depressed viral RNA biosynthesis in an RCatr host but not in an RCre-host. However, histidine starvation had little effect on viral RNA and protein synthesis in both RCstr and RCre' cells, although it had a marked effect on host protein and RNA synthesis in an RCstr host. Chloramphenicol relieved the effect of amino acid starvation on viral RNA synthesis in an RCatr host. It is concluded that stringent control of viral RNA biosynthesis does not require the continued biosynthesis of the RC gene product (RNA or protein) and that a preformed RC gene product can regulate the biosynthesis of the exogenous RNA. It is suggested that the amino acid dependence of viral RNA biosynthesis is due to its obligatory coupling with the translation of the viral coat protein which lacks histidine. It may be inferred that the amino acid requirement of bacterial RNA is due to its coupling with the translation of a host-specific protein (other than the RC gene product) which requires a full complement of amino acids. Since chloramphenicol is known to permit ribosome movement in the absence of protein synthesis, it is suggested that ribosome movement along the nascent RNA chain is a sufficient condition for the continuation of RNA synthesis.
The dependence on amino acids of the biosynthesis of bacterial ribonucleic acid (RNA) has been widely documented (see reference 7) . Bacterial RNA may be classified into two main categories: (i) RNA which is dependent on amino acids for its biosynthesis and (ii) RNA which is not dependent on amino acids for its biosynthesis. Ribosomal RNA (rRNA) and soluble RNA (sRNA) belong to the first category, whereas certain messenger RNA (mRNA) species, such as tryptophan mRNA (8, 17) and the mRNA for 3-galactosidase, are thought to belong to the second category (21, 22, 30) . Bacterial mutants in which amino acids have lost the stringent control of RNA synthesis have been isolated and designated as "relaxed" mutants. The property of stringent or relaxed control of RNA synthesis has been mapped as a single genetic locus, the RNA control (RC) locus (1) .
Bacterial RNA synthesis in an RCstr cell requires a full complement of the 20 natural amino acids in the form of aminoacyl-sRNA (23) and N-formylmethionyl sRNA (27) . However, none of these conditions are required by an RCrel cell. This strongly suggests that, in an RCstr cell, continuation of RNA synthesis may be coupled with some step in translation (29) , whereas no such coupling exists in an RCrel cell. An important unsettled problem is how amino acids are required for the expression of the RC gene. Even though the nature of the product of the RC gene is not known, two possibilities for the requirement of amino acids can be hypothesized: (i) that there is an obligatory coupling between RNA synthesis and the synthesis of the product of the RC gene (if it is a protein) or (ii) that an amino acid is required for the synthesis of a protein other than the RC gene product. In this case, RNA synthesis does not demand the simultaneous biosynthesis of the RC gene product as long as a preformed RC gene product is functional. To test these two possibilities, it is desirable to have a system in which the synthesis of the RC gene product is 702 inhibited, whereas RNA synthesis is allowed to continue.
It has been suggested that RNA synthesis of RNA phages is under the influence of the RC gene of the host (12) . Viral RNA synthesis becomes independent of histidine starvation after the viral RNA synthetase has been synthesized (5) . This is in contrast to host RNA synthesis which is dependent on the continued presence of all 20 natural amino acids, including histidine. Thus, host and viral RNA syntheses have different amino acid requirements even though they may be under the influence of the same RC gene.
Chloramphenicol is known to relieve RNA synthesis from its dependence on amino acids (16 MATERIALS AND METHODS Bacteria, phage, and culture conditions. Two strains of Escherichia coli K-12, F74 (F+, RCstr, met-, his-) and 58161 W6 (F+, RCrel, met-, his-, thy-), were used as hosts of R17 RNA phage. These strains were kindly provided by J. D. Friesen, York University, Toronto Canada. Wild-type R17 RNA phage, purified as described previously (9) , was used throughout.
For bacterial growth, tris(hydroxymethyl)aminomethane (Tris)-maleate synthetic medium designated as TMM (24) was used throughout. Supplementation consisted of: methionine, 50 ,Ag/ml; histidine, 50 jAg/ml; and thymine, 50 /Ag/ml. Bacteria were grown with aeration at 37 C and increase in cell density was measured at an optical density (OD) of 500 nm in a spectrophotometer (Bausch and Lomb, Spectronic 20) by using a round cuvette (13 by 100 mm).
Biochemicals. Rifampicin (98% pure) was a product of Lepetit S.p.A., Milan, Italy, and was purchased from Calbiochem, Los Angeles, Calif. Chloramphenicol was from Sigma Chemical Co., St. Louis, Mo. Uniformly labeled '4C-L-alanine (100 mc/mmole) and uracil-2-1'C (47 mc/mmole) were obtained from Tracerlab, Waltham, Mass.
Infection, amino acid starvation, and assay of labeled protein and RNA. A log-phase culture (approximately 4 X 108 cells/ml) was infected with R17 phage at a multiplicity of 5 plaque-forming units per cell. Fifteen minutes after infection, a portion of the infected culture was rapidly filtered through a Sartorius membrane filter (0.45 ,m pore size) and washed five times with TMM containing rifampicin (500,ug/ ml), but lacking either methionine or histidine, or supplemented with valine (500;pg/ml). The addition of valine at such a high concentration causes an effective isoleucine starvation, since valine interferes with isoleucine biosynthesis by feedback inhibition of the first enzyme in the isoleucine-valine biosynthetic pathway (18) . The washed cells were resuspended in the same starvation medium containing rifampicin. This process of washing and resuspension was always achieved within 5 min. At 20 min postinfection, portions of the cell suspension were mixed with M10 the volume of "'4C-uracil brew" or "'4C-alanine brew," in the presence of a required amino acid (control) or the absence of the required amino acid (starved samples). The '4C-uracil brew contained, per milliliter: 5,c of 14C-uracil, 10,g of unlabeled uracil, 200 jug of unlabeled cytosine (to minimize the labeling of DNA). The 14C-alanine brew contained, per milliliter: 1 Muc of 14C-alanine and 100 ;g of unlabeled alanine. The mixtures were incubated at 37 C with shaking. At intervals, 0.1-ml portions of the incubates were withdrawn and were assayed for the labeled RNA or protein by the filter paper disc method (15 Effect of amino acid starvation on RNA synthesis in uninfected E. coli F 74 (RCstr, part a) and W6 (RCrel, part b). Cultures of E. coli F 74 (RC8tr) and W6 (RCrel) were grown in fully supplemented TMM to an OD5oo nm of 0.4. A 10-ml amount of each culture was collected by filtration, washed, and resuspended in 12 ml of TMM lacking either methionine or histidine. Five minutes after starvation was begun (zero time), the culture was divided into two 5-ml portions, one ofwhich (control) was supplemented with methionine and histidine (@), whereas the other was starved for either isoleucine (A), methionine (0), or histidine (A). 'IC-uracil "brew" (1.0 ofculture volume) was also added to the starved and unstarved cultures at zero time. Portions (0.1 ml) were removed at intervals and assayed for RNA by the filter paper disc method (15) .
EXPRESSION OF THE RC GENE IN E. COLI
"4C-uracil as the unstarved control during a 30-min starvation period, which is a typical response of RCrel bacteria. Because of the difference in the growth of the unstarved and starved cultures, when such incorporation data are plotted as counts per minute of "4C-uracil incorporated per cell density, the incorporation is higher for the starved culture as compared to the unstarved control (Fig. 2b) .
Inhibition ,ug/ml) were increasingly effective in suppressing RNA and protein biosynthesis in the host. Figures 3a and 3b show that the addition of rifampicin (500 ,g/ml) was equally effective in suppressing RNA and protein synthesis in both RCstr and RCrel cells. However, complete inhibition of protein synthesis appeared considerably later than RNA synthesis. This may reflect residual mRNA activity after its synthesis was inhibited by rifampicin.
Effect of amino acid starvation on phage-specific protein synthesis. Since host protein synthesis was almost completely suppressed in the presence of rifampicin (Fig. 3a and 3b) , '4C-alanine incorporation into the phage-infected cells in the presence of rifampicin largely represents the synthesis of phage-specific proteins. In fact, Fromageot and Zinder (14) have shown that the coat protein is the major protein synthesized in rifampicin-treated cells infected with RNA phage.
The effect of amino acid starvation on phagespecific protein synthesis is shown in Fig. 4a and 4b. In all experimepts involving infection, amino acid starvation was introduced 15 (RCreL, part b). Cells were grown and infected at zero time. The infected culture was starved for amino acids and treated with rifampicin commencing at 15 min after infection. Twenty minutes after infection, 1-ml portions of the infected culture were distributed into tubes containing (i) both methionine and histidine (a), (ii) no methionine (0), (iii) no histidine (A), or (iv) valine (500 Lg/ml) (A). Each tube also contained one-tenth the culture volume of "4C-alanine "brew." Portions (0.1-ml) were removed from each tube at intervals and assayed for protein.
effect observed in uninfected cells ( Fig. la and  1 b) . This is not unexpected since the rate of viral protein synthesis corresponds to approximately one-third the rate of protein synthesis observed for both the RCstr and RCrel hosts. Therefore, there is correspondingly less effect of amino acid starvation on viral protein synthesis. The general effect of amino acid starvation on protein synthesis was not as severe in an RCrel host as it was in an RCIr host ( Fig. 4a  and 4b) , probably because the rate of phage protein synthesis in an RCrel host is only approximately two-thirds of the rate observed in an RCstr host.
Phage-specific RNA synthesized in the presence of rifampicin. Since host RNA synthesis was completely suppressed in the presence of rifampicin, 14C-uracil incorporation was due to phagespecific RNA synthesis. Figure 5 shows that approximately 70% of the 14C-uracil incorporated by infected, rifampicin-treated cells appeared as a single, sharp peak. We used conditions which are known to minimize aggregation of RNA (3, 19) , and, under these conditions, viral RNA (molecular weight = 1.1 X 106) sedimented in the same region as 23S E. coli ribosomal RNA (molecular weight = 1.1 X 106). The slowly sedimenting shoulder which follows the major peak may represent replicative intermediates of viral RNA biosynthesis (10) . It is emphasized that rifampicin must be used at a concentration higher than 200 ,gg/ml to observe the sedimentation pattern shown in Fig. 5 , because, when low concentrations (45 ig/ml) of rifampicin are used (14) , about two-thirds of the RNA extracted from the infected cells is found in a polydisperse band sedimenting slower than viral RNA.
Effect of amino acid starvation on phage-specific RNA synthesis. Figures 6a and 6b show the effect of amino acid starvation on viral RNA synthesis in an RCstr and RCrel host. In the RCstr host, both methionine and isoleucine starvation caused a considerable reduction in the amount of viral RNA synthesized (Fig. 6a) . This effect is further substantiated by Fig. 5 which shows that the peak of phage-specific RNA in the RCstr host was greatly reduced by isoleucine starvation. On the other hand, histidine starvation had little effect on viral RNA in the RCstr host, suggesting the existence of a coupling between viral RNA synthesis and translation of the histidineless coat protein. Such a coupling has already been suggested by results obtained from experiments with polar coat protein mutants of R17 RNA phage (31) . However, viral RNA synthesis was less dependent on methionine than viral protein synthesis (Fig. 4a and Fig. 6a) .
Despite the fact that methionine and isoleucine (Fig. 6b) . The timings inter-D _ V \~.i\ estingly coincide with the timings at which viral protein synthesis ceased ( Fig. 4a and 4b ). The degradation even occurred during histidine and methionine starvation. However, chloramphenicol eliminated this apparent degradation of viral RNA (Fig. 7) . The mechanism of degradation is cells from o rifampicin, one of the tubes also contained to uncouple RNA synthesis in RCstr cells from a final concentration of 500 EIg/ml. After its dependence on amino acids (16) . The addition starvation (2 mmn after infection), 1 Jg c of of chloramphenicol completely relieved the effect was added to both the starved and unstarved of amino acid starvation on viral RNA synthesis Both cultures were labeled for 5 min, at which in an RCstr host. time they were rapidly collected by filtration on membrane filters and resuspended in I ml of 2% sodium dodecyl sulfate in 0.01 M EDTA (pH 6.5). Samples were heated at 50 C for 3 min to lyse the cells, and 0.1 ml of the clear lysate was layered on 4.8 ml of a linear gradient of 15 to 30% ribonuclease free sucrose in 0.01 M EDTA (pH 6.5). Centrifugation was carried out *for 4 hr at 358,200 X g and 5 C in a SW65 swingingbucket rotor of a Beckman L 2 65B ultracentrifuge. The centrifuge tubes were punctured from the bottom and 10-drop fractions were collected directly on filter paper discs. The discs were soaked in ice-cold 5% trichloroacetic acid, washed, and counted as before. The relative positions of the 23, 16, and 4S E. coli RNA used as reference marker is shown by the broken lines.
The amount of14C-uracil incorporated by the rifampicin treated uninfected control was negligible.
starvation reduced the level of phage-specific protein synthesis in an RCrel host (Fig. 4b) , the same starvation had little effect on viral RNA synthesis in the RCrel host, even though isoleucine starvation exhibited some delay in establishing the "relaxed" phenomenon (Fig. 6b) . This result suggests the absence of a coupling between DISCUSSION Viral RNA synthesis appears to be controlled by the RC gene of the host even under conditions where host RNA and protein biosyntheses have been severely inhibited by the addition of high concentrations of rifampicin ( Fig. 6a and 6b) . Thus, a preformed and relatively stable RC gene product must be functional in controlling viral RNA synthesis under these conditions. Unlike methionine and isoleucine starvation, histidine starvation has little effect on either viral protein (Fig. 4a ) or viral RNA synthesis (Fig. 6a) (RCrel, part b). Cells were grown and infected at zero time. The infected culture was starved for amino acids and treated with rifampicin commencing at 15 min after infection. One-tenth of the culture volume of "4C-uracil "brew" was added at 20 min after infection to 1-ml portions of the infected culture in tubes containing (i) both methionine and histidine (0), (ii) no methionine (0), (iii) no histidine (A), or (iv) valine (500 JAg/ml) (A). Portions (0.1 ml) were removed at intervals and assayed for RNA. (11) .
Chloramphenicol is known to relieve bacterial RNA synthesis from its dependence on amino acids (16) . Chloramphenicol also reverses the effect of amino acid starvation on viral RNA synthesis in an RCstr host (Fig. 7) . Moreover, Morris and DeMoss (20) showed that, in an RCstr cell, the polysomes rapidly disappear when net RNA synthesis is inhibited by amino acid starvation and that addition of chloramphenicol to the starved culture causes a rapid conversion of free ribosomes to polysomes, even in the absence of net protein synthesis. Das, Goldstein, and Kanner (6) provided evidence that the movement of ribosomes along mRNA strands continues during the chloramphenicol inhibition of protein synthesis. In all likelihood, the movement of the ribosome along the coat protein cistron of viral RNA (in the phage system) and the mRNA specifying a specific host protein (in the bacterial system) is a sufficient condition for continuation of RNA synthesis.
In recent years, several factors which appear to be involved in coupling transcription to translation were discovered. For example, factor C stimulates T4 DNA-dependent translation by promoting the attachment of ribosomes to nascent RNA chains (26) . The binding of ribosomes to nascent RNA promoted by factor C is accompanied by a marked stimulation of the transcription process (25) . The RNA-polymerizing enzyme complex which is found in cells infected with Q,B RNA phage has been shown to consist of three components, two of which are host-specific (2) . The precise function of the host-specific components is not well understood. Similarly, the DNA-dependent RNA-polymerizing complex has been shown to consist of at least two components, one of which is essential for the initiation of the transcription process (4). In light of the above findings, we speculate that a functional RC gene product (RCstr factor), presumably by association with either the RNA polymerase or ribosome, causes viral RNA synthesis to become dependent on continued coat protein synthesis. A relaxed mutant either does not produce the RC factor or produces a functionally inactive RCrel factor, which either fails to bind to ribosomes or the RNA-polymerizing system or remains nonfunctional if bound; thus viral RNA synthesis somehow becomes independent of translation of the coat protein.
Experiments are currently in progress in our laboratory to characterize the RC factor and test the possibilities mentioned above.
